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ABSTRACT: Different assemblies of accessory proteins with clathrin are critical for transporting precisely
various cargos between intracellular compartments. GGA proteins are adaptors for clathrin-mediated
intracellular trafficking, connecting other accessory and cargo proteins to clathrin-coated vesicles. Both
binding to the GAE domain of GGA protein YGGA2 in Saccharomyces cerevisia, Ent3 and Ent5 are involved
in different trafficking pathways. Ent5 is ubiquitous and localized in a manner independent of yGGAZ2, and
Ent3 functions preferentially through yGGA2. Not known are the sources of these differences. Here we show
not all acidic-phenylalanine motifs in Ent3/5 are active for yYGGA2_GAE domain binding. Two of the three
acidic-phenylalanine motifs from Ent3 can bind to the yGGA2_GAE domain, while only one of the two
motifs from Ent5 can bind. We also determined the crystal structure of the yYGGA2_GAE domain at 1.8 A
resolution. Structural docking and mutagenesis analysis shows inactive motifs in Ent3 and Ent5 repel
yGGA2_GAE binding through disfavored residues at positions 1 and 3. These results suggest accessory
proteins may fine-tune the GGA adaptor dependence by adjusting their non-acidic-phenylalanine residues,
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thus contributing to the distinct role of Ent3 and Ent5 in trafficking.

Clathrin-coated vesicles are responsible for lipid and protein
transport between intracellular, membrane-bound compartments
and also play a key role in endocytosis (/). Its assembly involves
clathrin-binding adaptors. Three classes of adaptors participate
in clathrin-coated vesicle-mediated traffic in mammalian and
yeast cells: AP proteins, GGA proteins,' and epsin-like proteins.
They anchor the nascent coat to cargo proteins or to the mem-
brane through its association with lipids and, thus, are central to
the process of vesicle formation (2).

The GGA proteins are monomeric adaptors that contain a
C-terminal domain (GAE domain) homologous to the y-ear
domain of AP-1. The GAE/y-ear domain from both GGA and
AP-1 can bind and recruit a number of accessory proteins and
contribute to coated vesicle biogenesis (3, 4). There are two GGA
proteins (YGGA1 and yGGA?2) in yeast and three (GGA1-3) in
humans with possibly redundant functions. In humans, the
accessory proteins recruited by GAE domains include y-synergin,
Rabaptin-5, p56, epsinR, epsinl, and epsin2 (3). In yeast, yGGA2
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is expressed at 5—10-fold higher levels than yGGAL1 (6). Ent3
and Ent5 are the only known partners of the yYGGA2_GAE
domain (7). AP-1in yeast also helps to determine the localization
of Ent5 in the cell (/7). A similar GGA-binding protein, epsinR,
exists in mammalian cells. Ent3 and Ent5 belong to the ENTH/
ANTH family that could directly interact with phosphoinositides
and lead to the membrane localization and promote membrane
curvature (8). In addition, Ent3 also functions as an adaptor for
SNARE proteins like Pepl2 and Vtil in a yGGA2-dependent
manner (9). Meanwhile, EntS binds to a multipass membrane
protein Chs3 (10). Thus, the interactions of Ent3 and Ent5 and
adaptors play an important role in their clathrin-related functions.

Although Ent3 and Ent5 share similar sequences (Figure 1A),
they have distinct functions in vesicle-mediated traffic. In yGGA-
deficient cells, synthetic genetic growth and a-factor maturation
defects were observed with ent5A but not with ent3A. In AP-
1-deficient cells, ent3A caused more o-factor maturation defects
than entSA (17). Ent3 is preferentially localized with yGGA2,
whereas Ent5 is more critical for AP-1-mediated transport and is
distributed equally between AP-1 and yGGAZ2 (10, 11). Ent3 is
mislocalized in yGGA-deficient but not in AP-1-deficient cells. In
contrast, Ent5 retained localization in cells lacking either AP-1,
GGA, or both (11). Therefore, it was suggested that direct inter-
actions between GAE domains and Ent3 and EntS play an
important role in the distinct function between Ent3 and Ent5 (/1).

An acidic-phenylalanine motif “[D/E],Fxx®” (P represents any
hydrophobic amino acid; x represents any residue) was character-
ized as the consensus binding site for GAE domains and the y-ear
domain of AP-1 (5, 7, 12—15). It contains an invariant phenyl-
alanine (position 0) following a string of acidic residues (D/E);—.
Several bulky hydrophobic residues (for example, Phe, Met, and Leu)
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FiGure 1: Interaction of acidic-phenylalanine motifs in Ent3 and Ent5 with the yGGA2_GAE domain. (A) Domain scheme of Ent3 and Ent5.
The acidic-phenylalanine motifs in Ent3 and Ent5 are aligned on the right. The first phenylalanine in each motifis designated Phe0. (B) Pull-down
assays of the TrxA-fused acidic-phenylalanine motifs and yGGA2_GAE domain interaction. (C) ITC experiments with the TrxA-fused acidic-

phenylalanine motifs and yGGA2_GAE domain interaction.

have been found at position 3, with high level of diversity at other
positions (7). On the basis of this criterion, several acidic-phenyl-
alanine motifs were proposed on Ent3 and Ent5 (5, 7). However, the
mechanism of how Ent3 and Ent5 bind differently to yGGA2
remains unclear. Here we studied the interaction between these
motifs in Ent3 and Ent5 and the yGGA2_GAE domain in detail.
We found two of the three acidic-phenylalanine motifs in Ent3 are
able to bind the yGGA2_GAE domain independently, while only
one of two motifs in Ent5 can bind. We further determined the
crystal structure of the yGGA2_GAE domain at 1.8 A resolution.
On the basis of the structural analysis, docking simulation, and
binding assays, we showed switching the residues at positions 1 and
3 in these acidic-phenylalanine motifs could turn on or off their
GGA2_GAE binding. While the acidic-phenylalanine residues
are essential for accessory proteins to interact with GAE/y-ear
domains of adaptors, our results indicated sequences at positions
1 and 3 are used by nature to fine-tune their specificity for GAE
domains and could contribute to the distinct roles of Ent3 and
Ent5 in trafficking.

METHODS

Cloning, Expression, and Purification. The gene fragment
encoding yGGA2_GAE (UniProtKB entry P38817, residues
465—1585) was amplified from Saccharomyces cerevisiae genome
DNA and cloned into a modified pET22b+ plasmid. Native and
Se-Met-derived yGGA2_GAE are prepared similarly in LB or
M9 medium. yGGA2 _GAE was overexpressed in B§34(DE3)
(Merck, Shanghai, China) with an MGHHHHHHMEN-
LYFQSL tag fused to its N-terminus, and with IPTG induction
at 16 °C. Affinity chromatography with a Chelating Sepharose
Fast Flow column (Amersham Biosciences, Uppsala, Sweden)
was used as the first step of the purification. The protein was
eluted with elution buffer [20 mM Tris-HCI (pH 7.5), 400 mM
NaCl, and 500 mM imidazole]. It was then changed to 20 mM
Tris-HCI (pH 7.5), 5SmM EDTA, and 10 mM 2-mercaptoethanol
to cleave the His tag using TEV protease at 16 °C. The sample
was then changed to 20 mM Tris-HCI (pH 7.5), 400 mM NaCl,
and 40 mM imidazole. It was then passed through a chelating
affinity chromatography column to remove the TEV protease.
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Table 1: Data Collection, Phasing, and Refinement Statistics

Se-MAD
native peak inflection remote
Data Collection”

space group . P432,2 P452,2
cell dimensiogs (A) a=5b=289.72,¢=117.03 a=b=15223,¢= 17047
wavelength (A) 1.0 0.9789 0.9792 0.9000
resolution (A) 50—1.73 (1.76—1.73) 20-3.00 (3.11-3.00)
Ry, OF Rmerge” 6.6 (49.7) 11.0 (38.8) 11.5(46.2) 17.3 (79.0)
1ol 43.2 (4.4) 31.9 (5.6) 25.2 (4.7) 15.1(2.1)
completeness (%) 100 (99.9) 99.3(97.4) 99.5(98.9) 99.5(98.1)
redundancy 14.2 (10.4) 26.5(21.0) 26.9(23.2) 24.5(13.7)

Refinement

resolution (A)

no. of reflections
c d

Rworka Rfree

50—1.73 (1.78—1.73)
47880 (2567)
19.7 (28.0), 22.9 (34.6)

no. of atoms
protein 2598
ligand/ion 45
water 322
B-factor
protein 23.54
ligand/ion 37.49
water 32.76
rmsd
bond lengths (A) 0.007
bond angles (deg) 1.143
Ramachandran plot (%)
most favored regions 90.4
additional allowed regions 9.6

“Values in parentheses are for the highest-resolution shell. meerge = Z,,Z,\I(h), = (WIS Y d(h),, where I(h), is the /th observation of reflection / and

(I(h)) is the weighted average intensity for all observations / of reflection h. ‘R =

Zh‘ ‘Fobs(h)‘ - ‘Fcal(h)‘ /Z/‘I‘FDbS(h)‘! where Fobs(h) and Fcal(h) are the

observed and calculated structure factors for reflection £, respectively. “Rpye. was calculated as Ryop using the 5% of the reflections that were selected randomly

and omitted from refinement.

The sample was then changed to 50 mM Na-Hepes (pH 7.5) and
200 mM NacCl for lysine methylation (16). After lysine methyl-
ation, a Superdex 75 column (16 mm x 120 mm, Amersham
Biosciences) was used to further purify methylated yGGA2_
GAE. The protein was then concentrated to 10 mg/mL in distilled
water for crystallization.

Different peptides derived from the acidic-phenylalanine
motifs of Ent3 and Ent5 were constructed by fusion with an
eight-His-tagged Escherichia coli thioredoxin protein TrxA at the
N-terminus (Table S1 of the Supporting Information). Proteins
used in isothermal titration microcalorimetry (ITC) and His-tag
pull-down assays were overexpressed in BL21(DE3) (Merck) and
purified by affinity chromatography. Buffer for all samples was
changed to 20 mM Tris-HCI (pH 7.5) with 200 mM NaCl using
a size exclusion chromatography column with a Superdex 75
column.

Isothermal Titration Calorimetry (ITC) Experiments.
ITC experiments were performed on a MicroCal VP ITC unit at
25 °C (MicroCal, Piscataway, NJ). The buffer for all proteins
consisted of 20 mM Tris-HCI (pH 7.5) and 200 mM NaCl.
Aliquots of the yGGA2_GAE solution (8 uL) were injected from
a 287 uL rotating syringe (307 rpm) into the isothermal sample
chamber containing 1.43 mL of a TrxA-fused peptide solution.
Corresponding control experiments to determine the heat of
dilution of yGGA2_GAE to buffer were performed similarly.
The area under each peak was determined by integration using

Origin 7.0 to give a measure of the heat associated with the
injection. The resulting data were analyzed to estimate the
binding affinity (Kj).

His-Tag Pull-Down Assay. Each TrxA peptide (eight-His-
tagged) was incubated with yGGA2-GAE (without the His tag)
in 20 mM Tris-HCI (pH 7.5) and 200 mM NaCl. The mixture
was then passed through a chelating affinity column. The column
was then washed with the buffer containing 20 mM Tris-HCl
(pH 7.5), 200 mM NaCl, and 20 mM imidazole. The protein was
eluted with the buffer containing 20 mM Tris-HCI (pH 7.5),
200 mM NaCl, and 100 mM EDTA. The result was checked by
SDS—PAGE and stained with Coomassie blue.

Crystallization and Data Collection. Native and Se-Met-
derived crystals were prepared similarly. Crystallization of the
yGGA2_GAE protein (native or Se-Met-derived) was performed
at 15 °C using the hanging drop vapor diffusion method, and
initial trials were conducted using Crystal Screen I and Crystal
Screen II reagent kits (Hampton Research, Aliso Viejo, CA).
Each hanging drop was a mixture of 2 uL of protein and an equal
volume of reservoir solution. It was then equilibrated against
200 uL of reservoir solution. After 5—7 days, crystals in 0.5 M
ammonium sulfate, 0.1 M trisodium citrate (pH 5.6), and 1.0 M
lithium sulfate grew to a size suitable for X-ray diffraction.

Native crystals were then soaked in a cryoprotection solution
[0.375 M ammonium sulfate, 0.075 M trisodium citrate (pH 5.6),
0.75 M lithium sulfate, and 25% glycerol] prior to data collection.
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X-ray diffraction data of the native crystal were collected on
beamline 17U1 of the Shanghai Synchrotron Radiation Facility
(SSRF). X-ray diffraction data of the Se-Met-derived crystal
were collected on beamline 3W1A of the Beijing Synchrotron
Radiation Facility (BSRF). This crystal was passed through
paraffin oil for cryoprotection. All diffraction data were pro-
cessed and scaled with HKL2000 (17).

Phase Determination and Structure Refinement. The
original model was built using the Se-Met-derived diffraction
data by the multiple-anomalous diffraction (MAD) method
using SOLVE/RESLOVE (78, 19). It was then used as a search
model for native data by molecular replacement in Molrep (20).
Iterative model building and refinement were conducted with
Coot (21), CNS (22), and Refmac5 (23) with TLS and restrained
refinement (24). The quality of the final model was checked with
Procheck (25). The current model has good geometry and no
residues in disallowed regions in the Ramachandran plot. Data
collection and refinement statistics are listed in Table 1. Figures
were prepared using PyMOL (http://www.pymol.org)).

Structural Docking of the Acidic-Phenylalanine Motifs
of Ent3 and Ent5 on GGA2_GAE. The initial binding site of
the acidic-phenylalanine motifs on the GAE domain was deter-
mined according to the complex structure of the human GGA1_
GAE domain with the WNSF motif [Protein Data Bank (PDB)
entry 2dwx]. The structure of the monomeric YGGA2 _GAE
domain was superimposed onto that of the human GGA1_GAE
domain. The peptides from Ent3 (EFSEFQSA) and Ent5
(EFGDFQSE) were placed at the WNSF motif-binding site.
These yGGA2_GAE—peptide complexes were optimized by
molecular dynamics simulation using GROMACS (26). The
GROMOS96 force field was used to perform the simulations,
with 1000 steps of steepest-descent energy minimization to
achieve the convergence of binding.

RESULTS

Functional GAE-Binding Motifs: Two in Ent3 and One
in Ent5. On the basis of the consensus acidic-phenylalanine
sequence, different numbers of potential yYGGA2_GAE-binding
motifs on Ent3 and Ent5 have been proposed (3, 7). In total, there
are three acidic-phenylalanine motifs in Ent3 with potential for
binding to yGGA2, and two in Ent5 (Figure 1A). They are
“235EPEDFVDFFSS” (Ent3a), “268DDDEFSEFQSA” (Ent3b),
“375SDDDEFGEMHGG” (Ent3c), “218DDDEFDADADG”
(EntSa), and “327DDDEFGDFQSE” (Ent5b). These acidic-
phenylalanine motifs have consensus acidic residues followed by
an invariant phenylalanine [this first phenylalanine in each motif
is designated as Phe0 (Figure 1A)]. Little similarity was found at
other positions, with the exception of a predominant phenyl-
alanine at position 3. Mutation of phenylalanines to alanines in
the last two motifs (Ent3b and Ent3c) reduced the level of
Ent3—yGGA2 binding to background levels in two-hybrid
analysis (7). However, no direct study of the interaction of each
potential binding motif with yGGA2_GAE has been conducted,
and the real binding site(s) has not been identified.

To gain a clear understanding of the functional difference
between Ent3 and Ent5 and their connection with yGGA2-
dependent clathrin assembly, we constructed five fused proteins
with each acidic-phenylalanine motif at the C-terminus of an
E. coli TrxA protein (Table S1 of the Supporting Information).
Pull-down experiments using these TrxA-fused peptides showed
a distinct behavior for each acidic-phenylalanine motif. Only
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FIGURE 2: Crystal structure of the yGGA2_GAE domain. (A) Domain
scheme of GAE-containing proteins in yeast. (B) Molecular packing
in an asymmetric unit in Se-Met-derived crystals and native crystals.
(C) Structure superimposition of yYGGA2_GAE with human GGA1_
GAE (PDB entry 2dwx) and human GGA3_GAE (PDB entry 1p4u).

Ent3b, Ent3c, and Ent5b can bind to the yGGA2_GAE domain
(Figure 1B), while Ent3a and EntS5a had no any detectable
binding. We then further verified this result by quantitative ITC.
The ITC experiment showed Ent3b, Ent3c, and Ent5b bind to the
yGGA2_GAE domain with similar affinities of 3—7 uM, which is
close to or higher than the affinities of other known GAE domain—
acidic-phenylalanine motif complexes (12, 27). Again no binding of
Ent3a and Ent5a to yYGGA2_GAE was detected, even at a yGGA2
GAE concentration of 0.8 mM (Figure 1C; also see Figure 3C).
A decrease of at least 100-fold was estimated for Ent3a and
Ent5a compared with Ent3b/c and EntSb. Thus, not all acidic-
phenylalanine motifs in Ent3 and Ent5 are functional. In spite of
having the consensus (D/E),F sequence, these motifs in Ent3 and
Ent5 possess a considerable difference in binding to yGGA2_GAE.

Crystal Structure of the yGGA2_GAE Domain. To
further identify the extra determinants that govern the specific
binding of these acidic-phenylalanine motifs to the GAE domain,
we set out to determine the crystal structure of the yYGGA2_GAE
domain (Figure 2A). With the treatment of lysine methylation,
we crystallized the yYGGA2_GAE domain in two different forms
at 1.8 A resolution. In an asymmetric unit of the Se-Met-derived
crystals (space group P4,2,2), there are six molecules forming a
hexagonal ring structure. In native crystals (P452;2), the asym-
metric unit contains only three molecules similar to half of the
hexagonal ring (Figure 2B). Previous research showed the GGAs
are monomeric proteins (3, 28), the one exception being that the
human GGA1_GAE forms a homodimer in solution (27). Thus,
we checked the solution state of the yYGGA2_GAE domain via
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FIGURE 3: Fine specificity of GGA2_GAE binding that depends on the sequence of positions 1 and 3 in the acidic-phenylalanine motifs.
(A) Electrostatic distribution on molecular surface of yGGA2_GAE (left). Sequence conservation in the GGA family is also marked on the
molecular surface (middle): red for conserved residues, light cyan for less conserved, and white for even less conserved. Residues forming the
peptide-binding site are labeled. 4 and 7 are involved in binding, and their sequences from the GGA family are aligned (right). (B) Docking of
Ent3 and Ent5 motifs to the yGGA2_GAE structure. S1 and F3 indicate the position 1 and 3 residues of Ent3b, respectively. All models are shown
in the same orientation. (C) ITC experiments with mutants Ent3a_D3F and Ent3b_S1V binding to yGGA2_GAE.

size exclusion chromatography. The calculated molecular mass
of the yYGGA2_GAE domain is 16 kDa, close to the molecular
mass of the monomeric form [13 kDa (Figure S1 of the Sup-
porting Information)].

The structure of yGGA2 _GAE shows a f-sandwich fold
composed of eight f-strands [S1-52-63-35-p6 and [4-57-58
(Figure 2C)]. It resembles the eight-strand fS-sandwich scaffold
of previously determined human GAE domains (12, 27, 29), with
rmsd values of 1.8 A with respect to human GGA1_GAE and
2.0 A with respect to GGA3_GAE (Figure 2C), despite their
low levels of sequence identity (22 and 20%, respectively). This
similarity between GAE structures allowed us to model peptide
binding on the yeast GGA2_GAE domain.

Modeling of Acidic-Phenylalanine Motifs of Ent3 and
Ent5 on yGGA2_GAE. Both the human GGA1_GAE domain

and the human GGA3_GAE domain bind their partner peptides
in the same region on strands 54 and f7 (12, 27). Residues
involved in the binding are highly conserved through the GGA
family (Figure 3A). On the basis of structural superimposition
with the human GGAl_GAE—WNSF motif complex, we
docked the three identified GAE-binding motifs (Ent3b, Ent3c,
and Ent5b) to our yGGA2_GAE domain structure (Figure 3B).
As in human GAE complex structures, four highly conserved
residues (A517, P519, K520, and K560) in yGGA2_GAE form a
deep hydrophobic pocket for Phe0 of the bound acidic-phenyla-
lanine motifs. It is followed by an open surface that accommo-
dates residues at positions 1 and 2 in these motifs. A shallow
pocket for position 3 is formed by a group of less conserved
residues (L515, K562, and K564). Consistent with the conserva-
tion of the binding surface in yGGA2_GAE, residues at positions
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1, 2, and 3 in GAE-binding motifs show higher variance com-
pared to Phe0, although a long hydrophobic side chain residue
(Phe or Met) is preferred at position 3. As in the human GGA
proteins, Phe(0 contributes greatly to the binding of Ent3b,
Ent3c, and Ent5b motifs to the yGGA2_GAE domain (7, 12)
and is likely to be the major positive determinant for their
interaction.

However, because Phe0 is present in all five acidic-phenyl-
alanine motifs in Ent3 and Ent5 and because the pocket for Phe0
is invariant among the different GAE domains, determinant(s)
for their binding specificity must be at other positions. To char-
acterize the potential site determining these specificities, we
conducted further mutagenesis analysis.

Positions 1 and 3 Specify the Binding of Ent3 and Ent5
Acidic-Phenylalanine Motifs to yGGA2_GAE. Further
inspection of the yYGGA2_GAE complex models indicated side
chains of residues at positions 1 and 3 of the acidic-phenylalanine
motifs formed close contacts with the GAE domain. In contrast,
side chains of residues at positions 2, 4, and 5 are facing away
from the GAE domain. It is suggested that residues at positions
1 and 3 might play a role in the interaction of acidic-phenylala-
nine motifs of Ent3 and Ent5 with yYGGA2_GAE. Furthermore,
we noticed that in Ent5a an Asp occupies position 3, where long
hydrophobic residues predominate. To check if Asp3 affects the
binding of Ent5a to yYGGA2_GAE, we switched this Asp3 to the
corresponding residue in Ent5b (Phe3) and tested this mutant
Ent5a (DDDEFDAFADG, Ent5a_D3F). Surprisingly, Ent5a_
D3F gained the interaction with the yGGA2 GAE domain in an
ITC experiment, with an affinity even higher than those of other
active GAE-binding motifs [Ky = 0.4 £ 0.2 uM (Figure 3C)].
From the docking model, the lack of Ent5a—GAE binding is
likely due to the polar-hydrophobic repulsion of the binding
pocket with Asp3. Therefore, position 3 is the major negative
determinant for Ent5a—yGGA2_GAE interaction.

For Ent3a, both of the residues at positions ( and 3 are Phe
residues. The determinant for Ent3a not binding to YGGA2_
GAE has to be at other positions. We set out to construct several
polypeptide chains by switching the sequence of Ent3b back to that
of Ent3a and tested their binding to YGGA2_GAE (Figure S2
of the Supporting Information). None of them has an appa-
rent effect on the binding of Ent3b to yGGA2_GAE, except for
one substitution at position 1. Ent3b_S1 V (DDDEFVEFQSE)
dramatically decreased the level of yGGA2_GAE binding
[>100-fold (Figure 3C)]. In the docking model, residue Serl of
Ent3b points to a hydrophilic surface, formed by the main chain
carbonyl group of V518, P519, K520, and M522 (Figure 3B).
The OH group of Serl formed a direct hydrogen bond with
the carbonyl group of V518 (3 A). The steric hindrance between
the larger and hydrophobic Val at position 1 could cause the
repulsion of Ent3a from binding to yYGGA2_GAE. In this case,
position 1 is the negative determinant for Ent3a—yGGA2_GAE
interaction.

DISCUSSION

The E/ANTH domain proteins Ent3 and Ent5 localize to
TGN and early endosomes intimately involved in clathrin
function (7). They have distinct roles, but both interact in vivo
with yGGA2 (11). The interaction mechanism between yGGA2
and Ent3 and Ent5 seems to be an important link to differentiate
the functions of Ent3 and Ent5. In this work, we determined that
two of the three acidic-phenylalanine motifs from Ent3 are able
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FiGure 4: Difference between Ent3 and Ent5 in associating with
clathrin-related vesicles. Ent3 and Ent5 may work differently with
adaptor protein yGGA?2 in clathrin-coated vesicle transportation.
Without the clathrin-binding motif, Ent3 might bind to clathrin only
through yGGA?2 using its two functional yGGA2_GAE-binding
motifs. Localization of Ent3, and even sorting pepl2 by Ent3, is
yGGA2-dependent. EntS has only one functional yGGA2_GAE-
binding motif but has two clathrin-binding motifs. Therefore, cla-
thrin binding and localization of Ent5 are not yGGA2-dependent.
AP-1 also helps to determine Ent5’s localization. Some other factors
could contribute to this process. For example, there is a potential
o-ear-binding motif in Ent3.

to bind the yYGGA2_GAE domain independently, while only one
of two motifs from Ent5 can bind. Each potential GAE-binding
motif is separated from each other with 30—100 residues; there-
fore, the binding for each motif might not be synergistic. The
contribution of each motif to the Ent3— or Ent5—yGGA2
binding would correlate with the affinity of each motif for the
GAE domain. On the basis of analysis of designed mutants in
ITC experiments, we suggested a bulky hydrophobic residue at
position 3 is essential for the yYGGA2_GAE-binding motif. A
polar residue at position 3 is the major negative determinant for
Ent5a—yGGA2_GAE interaction. On the other hand, the larger
and hydrophobic Val at position 1 could cause the repulsion of
Ent3a from yGGA2_GAE, forming another negative determi-
nant. Furthermore, the experimental results show consistency
with on-chip simulation, indicating the side chain interaction
observed in the models could represent the actual interaction.

Although Ent3 functions as a cargo adaptor protein, it lacks a
clathrin-binding motif. Its assembly on the clathrin vesicle would
require the help of GGA2 and/or other adaptors. From our
results, it is likely that one Ent3 will bind up to two yGGA2
molecules and bring together two clathrin triskelions, each of
which binds to the hinge region of a distinct yGGA?2 molecule. In
contrast, Ent5 carries a lysine-rich ANTH-like phosphoinositide-
binding domain (instead of an ENTH domain as in Ent3) and is
unlikely to promote membrane curvature (8). At the same time,
Ent5 has two clathrin-binding motifs that allow its direct
association with clathrin (7, 30). Thus, the single yYGGA2_
GAE-binding motif in Ent5 might not be responsible for tether-
ing Ent5 onto the clathrin skeleton; instead, it may allow Ent5 to
join the yGGA2-dependent process and take other factors to
promote membrane curvature (Figure 4). Consistently, it was
shown that the localization of Ent3 requires yGGA2, but Ent5
retained its localization in cells lacking Ap-1, yGGA2, or
both (11). It is also possible that the acidic-phenylalanine motif
Ent5a incapable of binding to yGGA2_GAE may bind to other
GAE/ear domains and help to localize Ent5 when AP-1 and
GGA proteins are knocked out. Interestingly, Ent3a also fits to
the FxDxF motif that is considered to bind to the a-ear
domain (3/). It would be interesting to see if these acid-
phenylalanine motifs have been fine-tuned to connect different
adaptors together.
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graph showing that the yGGA2_GAE domain is a monomer
in solution (Figure S1), and scanning mutagenesis showing posi-
tion 1 is the major negative determinant in Ent3a (Figure S2).
This material is available free of charge via the Internet at http://
pubs.acs.org.
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